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Human intestinal ischemia-reperfusion (IR) is a fre-
quent phenomenon carrying high morbidity and mor-
tality. Although intestinal IR-induced inflammation has
been studied extensively in animal models, human in-
testinal IR induced inflammatory responses remain to
be characterized. Using a newly developed human in-
testinal IR model, we show that human small intestinal
ischemia results in massive leakage of intracellular com-
ponents from ischemically damaged cells, as indicated
by increased arteriovenous concentration differences of
intestinal fatty acid binding protein and soluble cytoker-
atin 18. IR-induced intestinal barrier integrity loss re-
sulted in free exposure of the gut basal membrane (col-
lagen IV staining) to intraluminal contents, which was
accompanied by increased arteriovenous concentration
differences of endotoxin. Western blot for complement
activation product C3c and immunohistochemistry for
activated C3 revealed complement activation after IR.
In addition, intestinal IR resulted in enhanced tissue
mRNA expression of IL-6, IL-8, and TNF-�, which was
accompanied by IL-6 and IL-8 release into the circula-
tion. Expression of intercellular adhesion molecule-1
was markedly increased during reperfusion, facilitating
influx of neutrophils into IR-damaged villus tips. In
conclusion, this study for the first time shows the se-
quelae of human intestinal IR-induced inflammation,
which is characterized by complement activation, pro-
duction and release of cytokines into the circulation,

endothelial activation, and neutrophil influx into IR-
damaged tissue. (Am J Pathol 2010, 176:2283–2291; DOI:

10.2353/ajpath.2010.091069)

Intestinal ischemia-reperfusion (IR) is a frequently occur-
ring phenomenon during abdominal and thoracic vascu-
lar surgery, small bowel transplantation, hemorrhagic
shock, and surgery using cardiopulmonary bypass, car-
rying high morbidity and mortality.1–5 Intestinal IR is as-
sociated with intestinal barrier function loss, which facil-
itates bacterial translocation into the circulation, thereby
triggering systemic inflammation.6,7 Moreover, reperfu-
sion of ischemically damaged intestinal tissue further
aggravates tissue damage and is considered to be an
effector of local as well as distant inflammation and mul-
tiple organ failure,2,5 which remains the leading cause of
death in critically ill patients.8

Recently our group developed an experimental human
model that enables us to study the consequences of
human small intestinal IR, in which it was observed that
the human gut is remarkably resistant to short ischemic
periods. After 30 minutes of jejunal ischemia the epithelial
lining remained intact and reperfusion-induced intestinal
damage was rapidly restored, thereby preventing inflam-
mation.9,10 Interestingly, these data were in contrast with
animal studies, in which intestinal IR has been shown to
elicit an inflammatory response.3,11–13 These studies re-
vealed that intestinal IR-induced inflammation is charac-
terized by the production of cytokines (including interleu-
kin [IL]�6),14,15 and sequestration of polymorphonuclear
neutrophils (PMNs) into ischemically damaged tissue.
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Migration of PMNs is facilitated by endothelial expression
of adhesion molecules such as intercellular adhesion
molecule-1 (ICAM-1).16,17 In addition, the complement
system is considered an important mediator of innate
immune defense after intestinal IR and has been shown
to contribute to the attraction of neutrophils to ischemi-
cally damaged tissue.12,17–19 By locally releasing myelo-
peroxidase (MPO) and other proinflammatory mediators,
PMNs contribute substantially to IR-induced tissue dam-
age.20–22 Apart from local tissue damage and inflamma-
tion, a systemic inflammatory response can also be trig-
gered by translocation of proinflammatory compounds
such as endotoxin from the gut lumen through a compro-
mised intestinal barrier.8,23–25

The current study reveals for the first time the sequelae
of human small intestinal IR-induced inflammation. First,
we show that prolonged human jejunal ischemia (45 min-
utes), followed by reperfusion, results in intestinal barrier
integrity loss, which is accompanied by significant trans-
location of endotoxin. Second, we demonstrate that these
phenomena result in an inflammatory response charac-
terized by complement activation, endothelial activation,
neutrophil sequestration, and release of proinflammatory
mediators into the circulation.

Materials and Methods

Ethics

The study was approved by the Medical Ethics Commit-
tee of the Maastricht University Medical Center and writ-
ten informed consent of all patients was obtained.

Patients and Surgical Procedures

The experimental protocol was performed as previously
described.9 In short, 10 patients (6M:4F) with a median
age of 66 years (range, 54 to 83 years) undergoing
pancreaticoduodenectomy for benign or malignant dis-
ease were included in this study. Patients with bile-duct
obstructive disease were stented before surgery. All pa-
tients had normal bile flow at the time of the surgical
procedure. During pancreaticoduodenectomy, a variable
segment of jejunum is routinely resected in continuity with
the head of the pancreas and duodenum as part of the
surgical procedure. The terminal 6 cm of this jejunal seg-
ment was isolated and subjected to 45 minutes of ischemia
by placing two atraumatic vascular clamps over the mes-
entery. Meanwhile, surgery proceeded as planned. After 45
minutes of ischemia, one third (2 cm) of the isolated isch-
emic jejunum was resected using a linear cutting stapler.
Next, clamps were removed to allow reperfusion, as con-
firmed by regaining of normal pink color and restoration of
gut motility. Another segment of the isolated jejunum (2 cm)
was resected similarly after 30 minutes of reperfusion. The
last part was resected after 120 minutes of reperfusion.
Simultaneously, 2 cm of jejunum, which remained untreated
during surgery, was resected, serving as internal control
tissue. This segment underwent similar surgical handling as
the isolated part of jejunum, but was not exposed to IR.
Tissue samples were immediately snap-frozen (Western

blot, real-time quantitative polymerase chain reaction
�qPCR�, immunofluorescence on frozen sections) or for-
malin-fixed (immunohistochemistry). Jejunal samples col-
lected after 120 minutes of reperfusion were filled with
luminal debris, which was collected separately and im-
mediately snap-frozen.

Blood Sampling

Arterial blood was sampled before ischemia, immediately
on reperfusion, and at 30 and 120 minutes after start of
reperfusion. Simultaneous with each respective arterial
blood sample, blood was drawn from the venule draining
the isolated jejunal segment by direct puncture to assess
concentration gradients across the isolated jejunal seg-
ment. All blood samples were directly transferred to pre-
chilled EDTA vacuum tubes (Becton Dickinson Diagnos-
tics, Aalst, Belgium) and kept on ice. At the end of the
procedure all blood samples were centrifuged at 4000
rpm, 4°C for 15 minutes to obtain plasma. Plasma was
immediately stored in aliquots at �80°C until analysis.

Histology

Tissue specimens obtained during the experimental pro-
tocol were immediately immersed in 4% formaldehyde
fixative (Unifix, Klinipath, Duiven, the Netherlands) and
incubated overnight at room temperature. Next, tissue
samples were embedded in paraffin, and 4-�m sections
were cut. For morphological analysis, sections were
deparaffinized in xylene and rehydrated in graded etha-
nol to distilled water and stained with hematoxylin and
eosin.

Immunohistochemistry

After deparaffinization and rehydration of paraffin-em-
bedded sections, endogenous peroxidase activity was
blocked using 0.6% hydrogen peroxide in methanol for
15 minutes. Sections undergoing heat-mediated antigen
retrieval (collagen IV and M30 staining) were heated in 10
mmol/L citrate buffer (pH 6.0) for 20 minutes at 90°C.
After blocking nonspecific antibody binding using 5%
bovine serum albumin in PBS, sections were incubated
with specific primary antibody at room temperature for 60
minutes. The following primary antibodies were used:
mouse anti-cleaved cytokeratin 18 antibody, clone M30
(Peviva, Bromma, Sweden), mouse anti-human ICAM-1
(monoclonal antibody HM2), rabbit anti-human MPO
(DakoCytomation, Glostrup, Denmark), mouse anti-hu-
man neutrophil defensin 1–3 (HNP 1–3, Hycult Biotech-
nology, Uden, the Netherlands), mouse anti-collagen IV
(DakoCytomation), and mouse anti-human activated
C3 (HM2168, Hycult Biotechnology). After washing, ap-
propriate peroxidase-conjugated or biotin-conjugated
secondary antibodies were used, the latter followed by
incubation with the streptavidin-biotin system (DakoCyto-
mation). Binding of primary antibody was visualized with
3-amino-9-ethylcarbazole (AEC; Sigma, St. Louis, MO).
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Sections were counterstained with hematoxylin. Stained
sections were photographed by a Nikon eclipse E800
microscope with a Nikon digital camera DXM1200F. No
significant staining was detected in sections incubated
with isotype control instead of the primary antibody. Neu-
trophil influx after IR was quantified in a blinded way by
two observers by counting MPO-positive cells in five
representative microscopic fields (�100) of stained con-
trol tissue and tissue exposed to IR.

Immunofluorescence

Cryostat sections (4 �m) were cut and stained for Zonula
Occludens-1 (ZO-1). Briefly, slides were dried, fixed in
4% paraformaldehyde for 15 minutes, and nonspecific
antibody binding was blocked using 10% normal goat
serum. Next, slides were incubated with rabbit anti-hu-
man ZO-1 (Zymed Laboratories Inc., San Francisco, CA).
After washing, slides were incubated with a Texas Red–
labeled secondary antibody (Jackson, West-Grove, PA),
followed by incubation with 4�,6-diamino-2-phenyl indole
(DAPI). Next, slides were dehydrated in ascending etha-
nol series, mounted in fluorescence mounting solution
(Dakocytomation), and visualized with an immunofluores-
cence microscope.

RNA and Protein Isolation

RNA and protein was isolated using AllPrep DNA/RNA/
Protein kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. In short, jejunal samples were
crushed with a pestle and mortar in liquid nitrogen. Dis-
ruption and homogenization of the tissue was performed
using an Ultra Turrax Homogenizer (IKA Labortechnik,
Staufen, Germany) in lysis buffer containing �-Mercapto-
ethanol (Promega, Madison, WI). RNeasy spin columns
were used to bind RNA; proteins in the flow-through were
precipitated. Columns were washed and RNA was eluted
in RNase-free water. Protein precipitate was centrifuged,
washed, and the pellet was dissolved in 5% SDS. Sam-
ples were stored at �80°C until analysis.

Real-Time qPCR

To analyze gene expression of IL-6, IL-8, and tumor
necrosis factor (TNF)-�, qPCR was performed using in-
dividual cDNA samples. RNA samples were treated with
DNase (Promega) to ensure removal of contaminating
genomic DNA. RNA quantity was measured using the

NanoDrop spectrophotometer (Witec AG, Heitersheim,
Germany). Total cDNA was synthesized with oligo(dT)
primers, dNTPs, and Molony murine leukemia virus re-
verse transcriptase (Eurogentec, Liège, Belgium). qPCR
reactions were performed in a volume of 20 �l containing
10 ng of cDNA, 1� IQ SYBR Green Supermix (Bio-Rad,
Hercules, CA), and 300 nmol/L of gene-specific forward
and reverse primers for IL-6, IL-8, and TNF-�. Sequence
of primers is provided in Table 1. cDNA was amplified
using a three-step program (40 cycles of 10 s at 95°C,
20 s at 60°C, and 20 s at 70°C) with a MyiQ system
(Bio-Rad). Specificity of amplification was verified by melt
curve analysis. Gene expression levels were determined
using iQ5 software using a �Ct relative quantification
model. The geometric mean of two internal control genes,
RPLP-0 and Cyclophylin A, was calculated and used as a
normalization factor. Control intestinal specimens, not
subjected to IR, were collected after the IR procedure to
rule out possible confounding increased production of
IL-6, IL-8, and TNF-� induced by intestinal manipulation
during the surgical procedure, which has been de-
scribed previously.26

Western Blot Analysis

Protein concentrations of samples were determined
using the BCA protein assay kit (Pierce, Etten-Leur, the
Netherlands). Equal amounts of total protein (10 �g)
were heated in a SDS sample buffer containing �-Mer-
captoethanol and loaded on an 8% SDS polyacryl-
amide gel. Gels were blotted on a polyvinylidene fluo-
ride membrane (ImmobiliP, Millipore, Bedford, MA).
Membranes were blocked in 5% bovine serum albumin
and incubated overnight at 4°C with rabbit anti-human
C3c (DakoCytomation). After washing, membranes were
incubated with goat anti-rabbit HRP-conjugated sec-
ondary antibody (Jackson). To ensure equal loading
and transfer, membranes were reprobed with mouse
anti-human �-actin (Sigma) and rat anti-mouse HRP-
conjugated antibody (Jackson) was used as second-
ary antibody. Signals were captured on X-ray film (Fuji,
SuperRX, Tokyo, Japan) by chemiluminescence using
SuperSignal West Pico Chemiluminescent Substrate
(Pierce).

Plasma Measurements

All parameters were determined in both arterial plasma
samples and plasma derived from the vein directly drain-

Table 1. Oligonucleotide Primer Sequences Used for qPCR

Gene Forward primer sequence Reverse primer sequence

IL-6 5�-TCCAGGAGCCCAGCTATGAA-3� 5�-GAGCAGCCCCAGGGAGAA-3�
IL-8 5�-CTGGGCGTGGCTCTCTTG-3� 5�-TTAGCACTCCTTGGCAAAACTC-3�
TNF-� 5�-TCAATCGGCCCGACTATCTC-3� 5�-CAGGGCAATGATCCCAAAGT-3�
RPLP-0 5�-GCAATGTTGCCAGTGTCTG-3� 5�-GCCTTGACCTTTTCAGCAA-3�
Cycophilin A 5�-CTCGAATAAGTTTGACTTGTGTTT-3� 5�-CTAGGCATGGGAGGGAACA-3�
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ing the studied jejunum, to allow for calculation of arte-
riovenous concentration differences.

Intestinal Fatty Acid Binding Protein

Intestinal fatty acid binding protein (I-FABP) is a small
(14-kD) cytosolic protein specifically present in mature
enterocytes of the gut. Plasma I-FABP concentrations
were measured by means of an enzyme-linked immu-
nosorbent assay (ELISA; Hycult Biotechnology).

M65 and M30

M65 and M30 concentrations, reflecting overall epithe-
lial cell death and apoptosis, respectively, were mea-
sured in plasma using ELISA (M65 ELISA and M30 ap-
optosense ELISA, Peviva). The M65 ELISA measures
soluble cytokeratin 18, a 45-kDa protein abundantly
present in epithelial cells. Soluble cytokeratin 18 is re-
leased from dying cells as a result of enterocyte mem-
brane integrity loss. The M30-apoptosense ELISA is

Figure 1. Intestinal IR-induced epithelial lining
breakdown resulting in exposure of the basal
membrane to intraluminal content. Hematoxylin
and eosin staining (�200) shows an intact villus
structure in control tissue (A), whereas 45I led to
disruption of the epithelial lining (arrowheads)
and appearance of subepithelial spaces (ar-
rows) (B). After 45I-30R, damaged enterocytes
were shed into the lumen (C). The epithelial
lining remained compromised after 45I-120R
(D). Collagen IV staining (red) revealed that en-
terocytes were attached to the basal membrane
in control tissue (E). Destruction of the epithelial
lining after 45I and 45I-30R resulted in exposure
of the basal membrane to intraluminal contents
(F and G respectively, arrows), which was not
fully reversed after 45I-120R (H).

Figure 2. Intestinal IR results in apoptosis and
massive leakage of intracellular components
from IR-damaged enterocytes. A: I-FABP arterio-
venous concentration differences increased on
reperfusion (***P � 0.001), reflecting enterocyte
membrane integrity loss. This was accompanied
by leakage of M65 from dying cells (**P � 0.01).
Both I-FABP and M65 levels decreased over the
course of reperfusion. Arteriovenous concentra-
tion differences of M30 did not change over
time. B: Immunohistochemistry for M30 showed
that apoptosis was sporadically present in villus
tips of healthy jejunum and jejunum exposed to
ischemia alone (left and right upper, respec-
tively). M30 positivity was mainly observed in
detaching enterocytes at 30 minutes of reperfu-
sion (left lower) and in the luminal debris of
IR-damaged cells at 120 minutes of reperfusion
(right lower).

2286 Grootjans et al
AJP May 2010, Vol. 176, No. 5



based on the M30 monoclonal antibody, which specif-
ically recognizes a neo-epitope formed after cleavage
of cytokeratin 18, a process specifically occurring dur-
ing apoptosis of cytokeratin 18 containing cells.

Endotoxin

Plasma endotoxin levels were measured using the
highly sensitive limulus amoebocyte lysate assay (Hycult
Biotechnology). Increase of arteriovenous endotoxin con-
centration differences compared with baseline levels was
determined to specifically evaluate barrier function loss
as a consequence of intestinal IR.

IL-6 and IL-8

Plasma IL-6 and IL-8 levels were measured using
ELISA. The IL-6 and IL-8 ELISA was performed as previ-
ously described.27

Statistics

Statistical analysis was performed using Prism 4.0 for
Windows (GraphPad Software Inc., San Diego, CA). Bon-
ferroni or Dunn multiple comparison test was used (after
significant one-way analysis of variance) to compare val-
ues in time. All data are presented as mean � SEM. A P
value below 0.05 was considered statistically significant.

Results

Intestinal IR Results in Loss of Intestinal Barrier
Integrity and Leakage of Intracellular
Components from Damaged Enterocytes

Directly after ischemia, disintegration of the intestinal ep-
ithelial lining and appearance of subepithelial spaces
was observed (Figure 1B). During reperfusion, ischemi-
cally damaged enterocytes on the tips of the villi were
shed into the intestinal lumen, resulting in further disinte-
gration of intestinal barrier integrity (Figure 1C and sup-
plemental Figure S1A, see http://ajp.amjpathol.org). The
epithelial lining was not restored on 120 minutes of reper-
fusion (Figure 1D). Local loss of the epithelial lining led to
exposure of intraluminal compounds to the basal mem-
brane, directly after ischemia (Figure 1F) as well as dur-
ing 30 and 120 minutes of reperfusion (Figure 1, G and H,
respectively, and supplemental Figure S1B, see http://
ajp.amjpathol.org), which was demonstrated using immuno-
histochemistry for collagen IV, a major constituent of the gut
basal membrane. Enterocyte damage was quantified by
measuring arteriovenous I-FABP concentration differences
across the studied jejunum. I-FABP arteriovenous concen-
tration differences significantly increased from 0.29 ng/ml
before ischemia to 25.97 ng/ml on reperfusion (P � 0.001),
indicating loss of enterocyte membrane integrity during the
ischemic phase (Figure 2A, left). Additional evidence for
leakage of intracellular components from dying cells was

Figure 3. Intestinal IR-induced tight junction loss
results in translocation of endotoxin to the circula-
tion. Immunofluorescence for ZO-1 shows contin-
uous staining in control jejunal tissue (A), whereas
an interrupted staining pattern was observed over
the villus lining after 45 minutes of ischemia with
30 minutes reperfusion (arrowheads), indicating
tight junction loss (B). C: Significant translocation
of endotoxin into the circulation was observed at
45 minutes of ischemia with 30 minutes of reper-
fusion (*P � 0.05).

Figure 4. Activation of the complement system
in response to intestinal IR. A: Western blot anal-
ysis revealed that C3c, a product of C3 activation,
was abundantly present in the luminal debris of
shedded cells, whereas low C3c levels were ob-
served in tissue homogenates of normal and
IR-exposed jejunum (AU 	 arbitrary units,
***P � 0.001) B: In contrast, native C3 (113-kD
bands) was present in both normal jejunum and
jejunum exposed to IR, whereas it was hardly
detected in luminal debris of IR-damaged, shed-
ded cells. (AU indicates arbitrary units, **P �
0.01) C: Immunohistochemistry revealed the
presence of activated C3 in luminal debris after
45 minutes of ischemia with 120 minutes of
reperfusion.
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obtained by measuring M65 concentration differences over
the studied jejunum, revealing a significant increase of M65
release directly after ischemia (Figure 2A, middle: 14.71
U/ml before ischemia to 584.5 U/ml on reperfusion; P �
0.01). Both I-FABP and M65 levels gradually decreased
during the reperfusion phase (Figure 2A, left and middle,
respectively).

Immunohistochemical analysis of M30, reflecting apop-
tosis-specific cytokeratin 18 caspase-cleavage, showed
that apoptosis was not induced by ischemia alone (Figure
2B, upper right). In line with this observation, M30 arterio-
venous concentration differences remained low directly af-
ter ischemia (Figure 2A, right). Apoptosis was only ob-
served at the tips of the detaching villi during early
reperfusion and in the luminal debris at a later stage (Figure
2B, left lower and right lower, respectively), likely explaining
the absence of M30 arteriovenous concentration differ-
ences during reperfusion.

Intestinal IR-Induced Tight Junction Loss and
Loss of Intestinal Barrier Function

Analysis of the distribution of tight junction protein ZO-1
revealed continuous ZO-1 staining in control tissue (Figure
3A), whereas loss of ZO-1 staining was observed in tissue
exposed to IR, indicating tight junction loss (Figure 3B). To
assess the functional consequences of the observed intes-
tinal barrier integrity loss, translocation of endotoxin from the
intestinal lumen into the circulation was measured. A signif-
icant increase in arteriovenous concentration differences of
plasma endotoxin compared with baseline levels (before
ischemia) was detected after 45 minutes of ischemia with
30 minutes reperfusion (P � 0.05), indicating impaired ep-
ithelial barrier function (Figure 3C).

Activation of the Complement System in
Response to Intestinal IR

To investigate complement activation as a result of intes-
tinal IR, tissue homogenates and homogenates of intralu-
minal cellular debris were analyzed for the presence of
complement components C3c and native C3 using West-
ern blot. Interestingly, high amounts of the complement
activation product C3c, detected as a degraded �-chain
of 40 kD,28 were detected in the luminal debris of isch-
emically damaged shedded enterocytes (Figure 4A, P �
0.001). In contrast, C3c was minimally present in control
tissue and jejunal tissue exposed to ischemia alone, or
jejunal tissue exposed to ischemia with 30 or 120 minutes
of reperfusion (Figure 4A, IR represents 45I-120R; 45I
and 45I-30R showed similar results, data not shown). In
line with this, native C3, detected as a full �-chain of 113
kD,28 was present in tissue homogenates of control jeju-
nal samples and IR-exposed jejunal tissue, whereas it
was hardly detectable in the luminal debris (Figure 4B,
P � 0.01). Activation of C3 was confirmed by immuno-
histochemistry, revealing activated C3 in the luminal de-
bris of samples subjected to 45 minutes of ischemia with

30 minutes of reperfusion (data not shown) and 120
minutes of reperfusion (Figure 4C).

Enhanced Expression of Endothelial Adhesion
Molecules and Neutrophil Sequestration

ICAM-1 expression, as analyzed by immunohistochemis-
try, increased significantly on endothelial cells of ischemi-
cally damaged villi from hardly detectable before and
directly after ischemia to a widespread expression during
reperfusion, indicating endothelial activation (Figure 5A, upper
and supplemental Figure S2A, see http://ajp.amjpathol.org).
Expression of ICAM-1 was most prominent at 30 minutes of
reperfusion in the most affected areas (i.e., the tips of the
villi). Endothelial activation was accompanied by neutrophil
sequestration into IR-damaged tissue as assessed by im-

Figure 5. Endothelial activation and influx of neutrophils into IR-damaged intes-
tinal tissue. A: ICAM-1 staining reveals endothelial activation after 45 minutes of
ischemia with 30 and 120 minutes of reperfusion, which was accompanied by influx
of neutrophils into IR-damaged villus tips, as shown by MPO staining. B: The
number of MPO-positive cells was significantly increased in IR-damaged villi after 30
and 120 minutes of reperfusion (***P � 0.001 and *P � 0.05, respectively).
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munohistochemistry for MPO. Specificity of staining for neu-
trophils was verified with immunohistochemistry for human
neutrophil defensin 1–3 (HNP 1–3), a protein specifically
present in human neutrophils, which showed a similar stain-
ing pattern (data not shown). MPO staining showed in-
creased numbers of neutrophils at 30 and 120 minutes of
reperfusion on the tips of the villi, where tissue damage
was most prominent (Figure 5A, lower, and supplemental
Figure S2B, see http://ajp.amjpathol.org). Quantification of
the amount of MPO-positive cells/villus demonstrated that
neutrophil influx was significantly increased at 30 and 120
minutes of reperfusion when compared with control tissue
(Figure 5B, P � 0.001 and P � 0.05, respectively).

Intestinal IR Results in Increased Tissue
Cytokine mRNA Expression and Cytokine
Release into the Circulation

Simultaneous with ICAM-1 increase and neutrophil influx,
tissue mRNA expression of IL-6, IL-8, and TNF-� signifi-
cantly increased during reperfusion (Figure 6, A–C, P �
0.05, P � 0.01, and P � 0.05, respectively). IL-6 was rapidly
released into the circulation, resulting in significantly in-
creased IL-6 arteriovenous concentration differences after
45 minutes ischemia with 30 minutes of reperfusion (Figure
6, P � 0.01). Both IL-6 and IL-8 arteriovenous concentration
differences reached highest levels at 120 minutes of reper-
fusion (Figure 6, P � 0.001 and P � 0.01, respectively).

Discussion

This study provides new insight into human intestinal IR-
induced inflammation. We show that 45 minutes of small
intestinal ischemia with reperfusion results in early loss of
intestinal barrier integrity and failure to rapidly restore
IR-induced damage to the epithelial lining. Importantly,
loss of intestinal barrier integrity and extended exposure
of cellular debris and intraluminal pathogens to the de-
nuded basal membrane was accompanied by an inflam-
matory response. Human intestinal IR-induced inflamma-
tion was characterized by activation of the complement
system, production and release of interleukins into the
circulation, increased expression of endothelial adhesion
molecules, and neutrophil sequestration into IR-damaged
villi. These findings are in sharp contrast with previous work

from our group, which showed that after short intestinal
ischemia (30 minutes), the epithelial lining remained intact,
and reperfusion-induced intestinal damage was restored
within 120 minutes of reperfusion, thereby preventing vig-
orous inflammation.9,10 Here, we reveal that this previously
observed ability of the human small intestine to prevent
intestinal IR-induced inflammation is abolished by exposure
to prolonged ischemia.

Two major pathophysiological mechanisms could ac-
count for activation of the innate immune system and the
observed inflammatory response. First, intracellular com-
ponents leaking from dying cells (damage-associated
molecular patterns �DAMPs�) can trigger innate immune
responses. Second, infiltrating microbiota and their prod-
ucts are potential effectors of the inflammatory response
(pathogen-associated molecular patterns �PAMPs�). Both
DAMPs and PAMPs interact with transmembrane and
intracellular pattern recognition receptors, resulting in proin-
flammatory signaling.29,30 Here, we show that the epithelial
enterocyte lining was destructed as a result of prolonged
ischemia. The compromised enterocyte membrane integrity
resulted in leakage of intracellular components, including
I-FABP and soluble cytokeratin 18, from ischemically dam-
aged enterocytes. We further show that after 45 minutes of
ischemia, in contrast to 30 minutes of ischemia,9 interaction
of cellular debris with lamina propria immune cells was
facilitated by early loss of intestinal epithelial lining integrity
and failure to rapidly restore IR-induced damage. Animal as
well as in vitro studies have shown that such an interaction of
cytoplasmic and nuclear components, released from dying
cells, with innate immune cells results in massive production
of pro-inflammatory cytokines and chemokines, including
IL-6.11,31,32

Apart from necrotic cell death, immunohistochemistry
for M30 revealed that apoptotic cell death occurred par-
ticularly during reperfusion, which is consistent with pre-
vious studies on intestinal IR.9,33 Interestingly, however,
M30 arteriovenous concentration differences remained
low during reperfusion, suggesting that M30 remained
within the apoptotic bodies and was not released into the
circulation. In addition, leaking M30 (from apoptotically
dying enterocytes undergoing secondary necrosis) was
minimally exposed to lamina propria vasculature, be-
cause M30-positive cells were mainly detected in the
detached enterocytes, thereby limiting release into the
circulation.

Figure 6. Intestinal IR results in increased IL-6,
IL-8, and TNF-� mRNA tissue expression, which
is accompanied by release of IL-6 and IL-8 into
the circulation. IL-6 (A) and IL-8 (B) mRNA ex-
pression and protein release into the circulation
increased significantly during reperfusion of the
ischemically damaged jejunal segment. In addi-
tion, intestinal IR resulted in increased mRNA
expression of TNF-� (C). *P � 0.05, **P � 0.01,
***P � 0.001.

Human Intestinal Ischemia-Reperfusion 2289
AJP May 2010, Vol. 176, No. 5



In addition to the exposure to DAMPs, prolonged and
extended loss of intestinal barrier integrity led to expo-
sure of the basal membrane to intraluminal pathogens.
Significantly increased arteriovenous concentration dif-
ferences of strongly proinflammatory endotoxin reflected
the destruction of the epithelial lining and tight junction loss,
which was most prominent during reperfusion. This interac-
tion of PAMPs with pattern recognition receptors is re-
garded a potent effector of the innate immune response
during IR injury.29 Taken together, massive epithelial cell
damage with leakage of intracellular components from dy-
ing cells and failure to restore IR-induced intestinal barrier
integrity loss, leading to exposure to intraluminal pathogens,
make DAMPs and PAMPs plausible initiators of inflamma-
tion after prolonged human intestinal IR.

The inflammatory response to intestinal IR has mainly
been studied in murine models. Using these models, com-
plement activation has been identified as a key mediator of
postischemic damage.18 Involvement of the classical,34 the
alternative,35,36 as well as the lectin12 activation pathway
has been observed after intestinal IR. Central in the com-
plement activation cascade is the activation of C3. Here, we
show for the first time involvement of the complement sys-
tem in human intestinal IR. Activated C3 was observed in
the luminal debris but was absent in IR-damaged jejunal
samples, suggesting that activation of C3 is triggered by
IR-damaged detached enterocytes. Complement activation
fragments as C3a have chemoattractant properties by itself,
but have also been reported to induce production of other
CXC-chemokines and cytokines.37 Hence, complement ac-
tivation is likely one of the mechanisms accounting for the
observed increased tissue mRNA expression of IL-6, IL-8,
and TNF-�. In addition to the production and release of
cytokines and chemokines, upregulation of endothelial ad-
hesion molecules3,38,39 and PMN adhesion and activation
play important roles in the onset of inflammation after IR in
animal models.17,18 In line with animal data, endothelial
activation after human intestinal IR was observed as early
as 30 minutes after the start of reperfusion. ICAM-1 expres-
sion was markedly increased at the tips of the villi (the locus
of massive cell damage). This was accompanied by influx
of neutrophils into the tips of IR-damaged jejunal villi, which
is required to resolve local tissue damage and potential
bacterial penetration. However, excessive neutrophil re-
cruitment is also known to aggravate tissue damage and
inflammation.16,20

The knowledge on complement activation, endothe-
lial activation, and neutrophil influx after human intes-
tinal IR, as observed in this study, offers opportunities
for the development of preventive and therapeutic
strategies to reduce intestinal IR-associated complica-
tions. Animal studies have already revealed beneficial
effects of selective inhibitors and antagonists of the
complement system in reducing local and remote tis-
sue injury after intestinal IR.17,40 In addition, selective
inhibitors of alpha4 leukocyte interaction with endothe-
lial ligands on the gut microvasculature have proven to
attenuate intestinal mucosal lesions.41

In conclusion, this study demonstrates that prolonged
human intestinal IR results in extended loss of intestinal
barrier integrity with exposure to both intraluminal patho-

gens and intracellular components leaking from IR-dam-
aged enterocytes. The subsequent inflammatory response
is characterized by complement activation, endothelial
activation, and neutrophil sequestration. These data
allow future translational studies to investigate targeted
therapy to reduce intestinal IR-associated high morbid-
ity and mortality.
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